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Yttrium aluminosilicate (YAS) glasses with yttrium oxide content to 23% (molar content) have been made and 
their properties studied. Microspheres with diameter 20-32 pm for use in brachytherapy have been made. 
These microspheres are characterized by a completely amorphous structure with high shape isometry (particle 
asphericity < 5%), high chemical stability, and no crystalline inclusions. 
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Yttrium aluminosilicate glasses have a wide spectrum of 
applications in modern industry: as optical amplifiers and la¬ 
sers [1], media for binding radioactive wastes [2], high-tem¬ 
perature coatings on composite materials, and additions fa¬ 
cilitating sintering of carbide and nitride ceramics [3, 4]. 
These glasses are radiation resistant, nontoxic, and chemi¬ 
cally stable, which eliminates the problem of radioactive ma¬ 
terials leaching out of the glass matrix [5, 6]. 

Microspheres made of aluminosilicate-based glass with a 
nearly monodisperse diameter distribution are used in radio¬ 
therapy as a radiation delivery medium for treating tumors in 
different organs in humans, particularly, the liver. This ther¬ 
apy is especially important for cancers with an unfavorable 
prognosis. In this connection, there is great interest in 
Y 2 03 -Al 2 03 -Si 02 (YAS) glasses and microspheres based on 
them [7 - 10]. Flowever, in Russia YAS spheres for treating 
cancer started to be used only in the course of the present 
work. 

Before microspheres are introduced into the human body 
they are irradiated with thermal neutrons in a nuclear reactor. 
As a result, the short-lived isotope 90 Y with half-life 64.1 h 
sufficient for delivering a preparation to a clinic and per¬ 
forming treatment is formed in the YAS glass. The 90 Y iso¬ 
tope possesses nuclear-physical characteristics which are 
convenient for therapeutic applications: P-radiation energy 
2.28 MeV, maximum travel distance in soft tissue 12 mm, 
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and average radiation penetration range 2.8 mm. The alumi¬ 
num and silicon oxides present in the glass base do not form 
long-lived isotopes when irradiated and impart high chemi¬ 
cal stability to the preparation in the internal medium of the 
body (blood plasma pFI « 7.4). 

I. A. Bondar’ and F. Ya. Galakhov were the first to study 
the system Y 2 0 3 -Al 2 0 3 -Si0 2 by the quenching method [11]. 
They constructed the phase diagram and described the 
liquidus surface and the phase ratios. They observed glass 
formation on the Si0 2 -enriched section. The ternary eutectic 
temperature was 1345°C. The glass-formation region in the 
Y 2 0 3 -Al 2 0 3 -Si0 2 system was studied in [12]. The authors 
of this work synthesized glass in platinum foil with a 2 g 
batch at temperature 1650- 1700°C with the crucible al¬ 
lowed to cool in air. They also showed that yttrium alumino¬ 
silicate glass is stable in alkali solutions and possess a high 
elastic modulus and refractive index [12]. A nonequilibrium 
diagram is also known; this diagram was obtained by rapid 
melting induced by a C0 2 laser with auto-quenching [13]. 
The data obtained for YAS glasses and the properties of these 
glasses are also presented in [14, 15]. It must be underscored 
that in [11 - 15] glasses with no admixtures of a crystalline 
phase were obtained in the temperature range 1500 - 1700°C 
using 2 - 50 g charges with more than 25% Y 2 0 3 . In addi¬ 
tion, glasses without crystallization were obtained with con¬ 
tent 25% 3 Y 2 0 3 (melting temperature 1700°C, 2g charge) 
and 21% Y 2 0 3 (melting temperature 1600°C, 50 g charge). 
The presence of impurities in the crystalline phase is ex- 

Here and below, the molar content unless stipulated otherwise. 
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Fig. 1 . Region of glass formation in the system Y 2 03-Al 2 03-Si02 
(molar content): 1 ) glass; 2 ) partial crystallization; 3 ) crystalliza¬ 
tion ( 1-3 according to the data of [17]); 4) glass obtained in the 
present work in a 300 ml crucible; dashed line) glass-formation re¬ 
gion. 

tremely undesirable for microspheres to be used as a delivery 
medium, because the microspheres can crack even during ir¬ 
radiation in a reactor and radioactive yttrium can enter the 
patient’s body. For this reason, the results of [11 - 15] must 
be clarified considerably, especially when the objective is to 
obtain crystallization-free glass in large volumes for medical 
applications. 

In [16] YAS glass with 27-35.6% Y 2 0 3 was obtained 
by high-temperature synthesis at elevated pressure and cen¬ 
trifuging. This method is hardly promising for use in nuclear 
medicine because of a large amount of impurity metals, 
forming long-lived radioactive isotopes, can enter the glass. 

The sol-gel method can be used to obtain YAS glass [17]. 
Drawbacks of this method are the high cost of precursors 
(mainly, alkoxides), the complexity of the production tech¬ 
nology, the long duration of the process (weeks) with high 
energy consumption, and a low yield of the finished product. 


TABLE 1 . Compositions, Glass Density p, Glassmaking tempera¬ 
ture t , and yttrium ion concentration N Y of the Synthesized Glasses 


Glass 

Molar content, % 

- P, 

g/cm 3 

V° c 

n y , 

ions/cm 3 

composi¬ 

tion 

y 2 o 3 

A1 2 0 3 

Si0 2 

1 

17 

19 

64 

3.29 

885 

6.99896 x 10 21 

2 

18 

16 

66 

3.35 

886 

7.5145 x 10 21 

3 

18 

18 

64 

3.38 

882 

7.51663 x 10 21 

4 

19 

25 

56 

3.42 

884 

7.66711 x 10 21 

5 

20 

20 

60 

3.39 

900 

8.03422 x 10 21 

6 

21 

18 

61 

3.48 

889 

8.59059 x 10 21 

7 

22 

22 

56 

3.55 

887 

8.89141 x 10 21 

8 

23 

24 

53 

3.60 

894 

9.20924 x 10 21 

9 

24 

24 

52 

3.66 

892 

9.62249 x 10 21 

10 

27 

17 

56 

3.69 

904 

1.07151 x 10 22 


In [18, 19] microspheres were obtained from glass with 
composition (molar content of oxides) 17 Y 2 0 3 , 19 A1 2 0 3 , 
and 64 Si0 2 , melted at temperatures 1500 - 1600°C in a plat¬ 
inum or corundum crucible for 2 - 5 h in an electric furnace 
with complete homogenization of the melt and extraction of 
the melt into water or onto a steel plate followed by quench¬ 
ing. The glass was ground into powder, which was formed 
into microspheres in the oxygen flame of a burner. This 
YAS-glass composition has found application in nuclear 
medicine for treating metastasis in the liver. The effective¬ 
ness of the treatment with microspheres increases as the 
amount of yttrium atoms in the preparation increases, but the 
amount of preparation introduced into a patient’s body must 
be as low as possible. For this reason, it is very desirable to 
increase the Y 2 0 3 content in the microspheres and, corre¬ 
spondingly, increase the effectiveness of the finished prepa¬ 
ration at lower cost. Increasing the yttrium oxide content in 
the microspheres gives the possibility, as yet unrealized, of 
creating on the surface of the spheres an yttrium-depleted 
layer that prevents yttrium from entering the body while 
maintaining the irradiation dose. 

The present work is concerned with the problem of syn¬ 
thesizing YAS glass with elevated yttrium oxide content in 
volumes smaller than 200 ml and producing 20-32 pm 
microspheres from these glasses. For this, we investigated 
the range of compositions with 17 - 27% Y 2 0 3 and the fol¬ 
lowing ratios of the components in the glass (%): 17-27 
Y 2 0 3 , 16-25 A1 2 0 3 , and 52 - 66 Si0 2 . The glass composi¬ 
tions were chosen in the eutectic region of the ternary system 

(Fig. 1). 

The ultrapure-grade reagents Y 2 0 3 , amorphous Si0 2 , 
and Al(OH) 3 were used as the raw materials. The batch com¬ 
ponents prepared beforehand were mixed for 2 h in a KV-1 
quartz-glass container. YAS glass was made in a 250 cm 3 
dispersion-hardened platinum crucible at temperatures 
1600- 1650°C in a specially constructed electric furnace 
with SiC heaters; the working chamber of the furnace was 
made of high-purity corundum. The soaking time at the max¬ 
imum temperature corresponding to complete homogeniza¬ 
tion of the glass mass did not exceed 2 h. The synthesized 
compositions are presented in Table 1. 

The glass was produced by quenching melt poured onto a 
metal plate and rolled with cylindrical metal rollers as well 
as by rolling melt through water-cooled metal rollers made of 
high-temperature steel and rotating at 1500 rpm. These pro¬ 
duction methods guarantee that there will be no crystalline 
inclusions and made it possible to obtain amorphous plates 
of different thicknesses up to 100 pm. 

A LDI-65 laboratory grinder with corundum wheels was 
used for grinding, and a Retsch AS 200 analytical sieve 
shaker with a wet sieving function was used for classifying 
the glass powder. The powders obtained with dispersity in 
different ranges (15-35, 20-32, 20-50 pm, and others) 
were used to obtain microspheres by melting glass powder in 
plasma flow in a 25-kW electrocorundum plasmatron. 
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Fig. 2. X-ray diffraction patterns of glass powders with the compo¬ 
sitions: 1) 17Y 2 0 3 - 19A1 2 0 3 - 64Si0 2 ; 5) 20Y 2 O 3 - 20Al 2 O 3 - 
60SiO 2 ; 8) 23Y 2 0 3 - 24A1 2 0 3 - 53Si0 2 ; 10) 27Y 2 0 3 - 17A1 2 0 3 - 
56Si0 2 ; A) Y 2 Si 2 0 7 ; •) y-Y 2 Si 2 0 7 ; ■) A1 2 Y 4 0 9 . 
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Fig. 3. DTA curves for glass powders with the compositions: 
1) 17Y 2 0 3 - 19A1 2 0 3 - 64Si0 2 ; 5) 20Y 2 O 3 - 20Al 2 O 3 - 60SiO 2 ; 
8) 23Y 2 0 3 - 24A1 2 0 3 - 53Si0 2 ; 10) 27Y 2 0 3 - 17A1 2 0 3 - 56Si0 2 . 
The numbers on the curves correspond to the numbers of the glass 
samples (see Table 1). 


The glass samples obtained were comminuted in an agate 
mortar and analyzed by means of x-ray phase analysis 
(XPA). A DRON-3M diffractometer (CuK a radiation, nickel 
filter) was used to record the x-ray diffraction patterns of the 
glasses. 

ANetsch STA 449 thermal analyzer was used to perform 
differential thermal analysis (DTA) in a regime with tempe¬ 
rature rising uniformly at the rate 10 K/min to 1450°C. The 
glass density was measured by hydrostatic weighing in water 
using a YDK 01 density determination kit for the Sartorius 
GC 803S-OCE scales. 

A JEOL JSM-6380 LA microscope with a JET 2300 
x-ray microanalyzer was for scanning electron microscopy. 
The accelerating voltage was 25 kV. To prevent charging of 
the microspheres a layer of gold was deposited on their sur¬ 
face beforehand. 

Glass with no indications of crystallization was obtained 
for compositions with up to 23% Y 2 0 3 . The x-ray diffraction 
patterns of glass powder with < 23% Y 2 0 3 showed that the 
glasses synthesized were completely amorphous. For > 23% 
Y 2 0 3 in YAS glasses, glass with no indications of crystalliza¬ 
tion cannot be obtained by the quenching methods used 
(Fig. 2). Crystallization was already observed during the for¬ 
mation process in glass with 27% Y 2 0 3 . Three crystalline 

phases, identified as Y 2 Si 2 0 7 , y-Y 2 Si 2 0 7 , and A1 2 Y 4 0 9 , were 
found in this sample. 

The DTA curves of powdered YAS-glass samples for the 
compositions 1, 5, 8, and 10 are presented in Fig. 3. The 
presence of wide exothermal peaks indicates that crystalliza¬ 
tion processes are weak. Glass with the composition 
27Y 2 0 3 - 17A1 2 0 3 - 56Si0 2 is characterized by the most in¬ 
tense crystallization. 

As shown in Fig. 4, the density of the glasses obtained 
varies from 3.29 to 3.66 g/cm 3 depending on the yttrium 



Y 2 0 3 molar content, % 

Fig. 4. Plots of the density and number of yttrium ions per cm 3 ver¬ 
sus the Y 2 0 3 content in YAS glasses: O) density; ■) number of ions. 


oxide content. The density increases as a function of not only 
the increase in the Y 2 0 3 amount but also the ratio 
Al 2 0 3 /Si0 2 . The concentration of yttrium ions varies from 
7.00 x 10 21 to 1.07 x 10 22 ions/cm 3 . The density data for the 
experimental glasses and the volume content of the yttrium 
ions are presented in Table 1. 

The chemical stability of plate-shaped YAS-glass sam¬ 
ples with Y 2 0 3 content to 17% as determined from the mass 
change of a sample after soaking in distilled water and in 
HC1 (pH = 2) at temperature 37°C for four weeks (the time 
period over which the residual radioactivity of Y 90 becomes 
negligibly small) was less than 0.1 and 2.7 mg/cm 2 , respec¬ 
tively. 

As one can see from Fig. 5, obtained by the SEM 
method, the YAS-microsphere particles have a regular sphe¬ 
rical shape. The surface of the microspheres is uniform; there 


















42 


G. N. Atroshchenko et al. 



Fig. 5. SEM image of YAS microspheres. 



Fig. 6. XSPA spectra of YAS microspheres; gold presence is due to 
gold deposition on the sample. 


are no pores or microcracks. The glass composition was de¬ 
termined by x-ray spectral microanalysis (XSMA). A typical 
spectrum and the results of the elemental determination are 
presented in Fig. 6 and Table 2 for glass with the composi¬ 
tion 1. 

XSMA was used to study the distribution of the principal 
elements on the surface of the microspheres. The elemental 
maps so obtained are displayed in Fig. 7. Evidently, the spa¬ 
tial distribution of the principal elements — Al, Si, and Y — 
on the surface of a sphere is the same, indicating that its com¬ 
position is uniform. 


TABLE 2. Glass with the Composition (Molar Content, 
%) 17Y 2 0 3 - 19A1 2 0 3 - 64Si0 2 


Element 

Average elemental content, % 

Compound 

Content, 

wt.% 

By weight 

Molar 

O 

35 




Al 

8 

16 

ai 2 o 3 

15 

Si 

16 

63 

Si0 2 

35 

Y 

30 

18 

y 2 o 3 

38 

Au 

11 

3 

Au 2 0 3 

12 


The grinding regimes were chosen so as to minimize the 
amount of grinding required. It was determined that grinding 
to a prescribed specific surface area of YAS-glass produced 
in the form of chips required approximately one-third the 
time required to grind the granular material obtained by 
comminuting a monolithic glass founding. As a result of this, 
grinding glass consisting of chips is much less energy-inten¬ 
sive (by a factor of 2-3) and, in addition, more efficient 
than grinding a founding, since the amount of milling and 
dust fraction with particles smaller than about 5 pm is 
sharply lower (more than two-fold) than in the glass powder 
obtained (Fig. 8). 

It was established experimentally that grinding glass 
chips no more than 200 pm thick is closest to being optimal 
for obtaining 20-32 pm microspheres (the most widely 
used sizes in brachytherapy). Plasmatron spheroidization of 
powders made it possible to obtain microspheres suitable for 
brachytherapy. The microspheres were characterized by a 
fire-polished surface (Fig. 9) and their diameters were 
20 - 32 pm (the <15 pm fraction comprised about 4%, and 
no > 32 pm particles were present). They exhibited a com¬ 
pletely amorphous structure with no crystalline inclusions, 
high shape isometry (particle asphericity < 5%), and high 
chemical stability (first hydrolytic class). 

In summary, it was established experimentally that YAS 
glasses with up to 23% Y 2 0 3 and no crystalline phase can be 
obtained in volumes of the order of 300 ml at high melting 
temperatures (to 1650°C) and using the method of intense 
cooling of the melt. Microspheres containing 23% Y 2 0 3 ex¬ 
hibited completely amorphous structure with high shape 





Fig. 7. XSMA elemental maps of Al (a), Si (b ), and Y ( c ). 
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Fig. 8. Photomicrograph of YAS-glass powder obtained by grind¬ 
ing in a glass-chip grinder; x400. 


isometry, high chemical stability (first hydrolytic class), and 
no crystalline inclusions. 

The first surgical operations using yttrium aluminosili¬ 
cate microspheres in people were successfully performed in 
the Russian Federation in May 2011 at State Clinical Hospi¬ 
tal No. 55. 

This work was performed with the financial support of 
the Ministry of Education and Science of the Russian Fede¬ 
ration (grant 11.G34.31.0027). We thank the IBt Bebig Com¬ 
pany for performing the studies of the micro structure and the 
analysis of the chemical composition of the microspheres. 
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